The penultimate EcoRI fragments from the left and right ends of the vaccinia virus genomes were cloned in phage X. Heteroduplex analysis and comparison of restriction fragments indicated that the inverted terminal repetition extended 780 base pairs (bp) beyond the first EcoRI site or about 9,800 bp from each end of the genome. Detailed physical, transcriptional, and translational maps of the 6,600-bp left penultimate EcoRI fragment were prepared so as to extend previous maps of the 9,000-bp terminal EcoRI fragment. Polypeptides with molecular weights of 6,000 (6K polypeptide), 13,000, 19,000, 21,000, and 60,000 were synthesized in a reticulocyte cell-free system programed with immediate early RNA (made in the presence of cycloheximide) or early RNA (made in the presence of cytosine arabinoside) and selected by hybridization to immobilized recombinant DNA. A 22K polypeptide was detected as a translation product of late RNA that hybridized to this DNA fragment. A variety of biochemical procedures were used to size and map the mRNA's. Of the five messages that hybridized to this 6,600-bp EcoRI fragment, only the one for the 21K polypeptide was encoded within the inverted terminal repetition and hybridized to the rightward-reading DNA strand. (Three additional early polypeptides were encoded within the first 9,000 bp of the inverted terminal repetition.) The remaining early polypeptides were encoded within the unique portion of the penultimate EcoRI fragment and were transcribed from the leftward-reading strand. Additional high-molecular-weight early RNAs of unknown function were also detected; however, there was no evidence indicating that mature mRNA's were spliced.
The penultimate EcoRI fragments from the left and right ends of the vaccinia virus genomes were cloned in phage X. Heteroduplex analysis and comparison of restriction fragments indicated that the inverted terminal repetition extended 780 base pairs (bp) beyond the first EcoRI site or about 9,800 bp from each end of the genome. Detailed physical, transcriptional, and translational maps of the 6,600-bp left penultimate EcoRI fragment were prepared so as to extend previous maps of the 9,000-bp terminal EcoRI fragment. Polypeptides with molecular weights of 6,000 (6K polypeptide), 13,000, 19,000, 21,000, and 60,000 were synthesized in a reticulocyte cell-free system programed with immediate early RNA (made in the presence of cycloheximide) or early RNA (made in the presence of cytosine arabinoside) and selected by hybridization to immobilized recombinant DNA. A 22K polypeptide was detected as a translation product of late RNA that hybridized to this DNA fragment. A variety of biochemical procedures were used to size and map the mRNA's. Of the five messages that hybridized to this 6,600-bp EcoRI fragment, only the one for the 21K polypeptide was encoded within the inverted terminal repetition and hybridized to the rightward-reading DNA strand. (Three additional early polypeptides were encoded within the first 9,000 bp of the inverted terminal repetition.) The remaining early polypeptides were encoded within the unique portion of the penultimate EcoRI fragment and were transcribed from the leftward-reading strand. Additional high-molecular-weight early RNAs of unknown function were also detected; however, there was no evidence indicating that mature mRNA's were spliced.
Poxviruses are large DNA viruses that use their own transcriptional system to synthesize mRNA's within the cytoplasm of infected cells (reviewed in reference 15). Vaccinia virus, the prototype for this group, has a linear doublestranded DNA genome of about 180 kilobase pairs (kbp; 9) with an identical 10-kbp sequence at each end (8, 24) . The terminal 3 kbp of this repetition is not transcribed and contains two sets of 13 to 17 direct tandem repeats of a 70-base-pair (bp) sequence separated by a 435-bp unique region (25) . The remaining 7 kbp of the repetition codes for at least three early polypeptides with molecular weights of 7,500 (7.5K polypeptide), 19 ,000, and 42,000 (6, 22) . The messages for these polypeptides are not spliced (23) , and their capped ends contain the ribonucleotide used to initiate RNA synthesis (20) . The abovementioned studies were facilitated by use of the 9-kbp terminal EcoRI restriction fragment cloned in phage A. Using the same vector, we have now cloned adjacent EcoRI fragments that contain the remaining 0.8 kbp of the terminal repetition and the start of the unique regions on the left and right sides of the genome. Detailed physical, transcriptional, and translational maps of the left junction fragment are presented.
MATERLALS AND METHODS Molecular cloning. The HindIII fragments B and C of vaccinia virus (strain WR) DNA were purified by sucrose gradient centrifugation, digested with EcoRI, and ligated to the armns of AgtWesA.Xf as previously described (22) . After in vitro packaging (19) , the phage was used to infect Escherichia coli K-12 DP50 supF (11) Isolation of RNA from virus-infected cells. HeLa cells were grown in suspension culture and infected with 1,500 particles (30 PFU) of purified vaccinia virus (WR strain) per cell as described (14) . Total cytoplasmic RNA from infected cells that were treated at the time of infection with cycloheximide (100,ug/ ml) or cytosine arabinoside (40 ,ug/ml) was isolated at 4 h after infection by sedimentation through a CsCl cushion (3, 10) . Late RNA was isolated from cells 6 h after infection in the absence of inhibitors.
Hybridization selection of RNA and cell-free translation. RNA was selected by hybridization to DNA immobilized on nitrocellulose filters in 80% formamide, 0.4 M NaCl, 0.04 M sodium piperazine-N,Nbis(2-ethanesulfonic acid) (PIPES) (pH 6.4), 0.001 M EDTA, and 0.1% sodium dodecyl sulfate (SDS) at 370C for 18 h. At the end of this time, the filters were stringently washed (6) .
The hybridized RNA was eluted in 0.2 ml of water at 1000C for 2 min and alcohol precipitated with 20 ,ug of calf liver tRNA. In some experiments, the hybridization was carried out at 420C, and the RNA was eluted at 600C in 90% formamide. RNA was translated by the message-dependent reticulocyte lysate in 5-or 10-pl reactions containing 2 ,uCi of [3S]methionine per A1 (4) . Samples of the in vitro translations were analyzed by electrophoresis on SDS-20% polyacrylamide gels (4) . Radioactive proteins were detected by fluorography, using preexposed Kodak XR film, after impregnation of the gel with 2,5-diphenyloxazole (2) or with Enhance (New England Nuclear Corp).
Blotting and hybridization of size-fractionated RNA. Total cytoplasmic RNA from vaccinia virusinfected cells was denatured in a buffer containing 1 M glyoxal, 50% (vol/vol) dimethyl sulfoxide, and 10 mM NaH2PO4-Na2HPO4 (pH 6.9) and fractionated on 1.6% agarose slab gels (13) . After electrophoresis, the gel was treated and the RNA was transferred to diazotized paper as described (21) . Hybridization was carried out with approximately 106 cpm of 3P-labeled probe in 50% formamide, 5x SSC (0.75 M NaCl plus 0.075 M sodium citrate), 0.4% SDS, lx Denhardt solution, and 10% dextran sulfate (21) at 420C for 24 to 30 h. After hybridization, the paper was washed three times with 50% formamide, 5x SSC, and 0.4% SDS followed by three washes with the above-noted buffer without SDS. Labeled bands were located by autoradiography or fluorography, using intensifying screens.
In vitro cap labeling of RNA. Cytoplasmic RNA from vacinia virus-infected cells was treated with periodate and fl-eliminated as described previously (16) (12) . After addition of 2 mM EDTA, the labeled RNA was purified by SDS-phenol-chloroform extraction, ethanol precipitation, and Sephadex G-75 gel filtration. Analysis of nuclease P1 and alkaline phosphatase digests of the labeled RNA by paper electrophoresis indicated that the radioactivity was associated exclusively with cap structures.
Materials. Restriction endonucleases were purchased from Bethesda Research Laboratories, DNA ligase was from P-L Biochemicals, E. coli DNA polymerase was from Boehringer Mannheim Corp., and a-32P-labeled deoxynucleotide triphosphates were purchased from Amersham Searle.
RESULTS
Cloning of EcoRI fragments of vaccinia virus DNA in phage X. The following procedure was used to clone the near-terminal regions of the vacinia virus genome. HindIII fragments B and C, derived from the right and left ends of the DNA, were purified by sucrose gradient sedimentation and cleaved with EcoRI. Fragments in this digest were then ligated to the EcoRI-excised arms of XgtWesXf,8. After the DNA was packaged in vitro, E. coli cells were infected and independent plaques containing recombinant DNA were detected by hybridization to 32P-labeled vaccinia virus DNA. The cloned fragments were then identified by restriction endonuclease analysis. Figure 1A shows restriction fragments, produced by EcoRI digestion of total vaccinia virus DNA (track 1), the left-terminal HindIII fragment C (track 2), and DNA from three recombinant phage (tracks 3 The identities of the cloned segments were confirmed by hybridization procedures. The DNA segments within the gel shown in Fig. 1A were transferred by blotting to a nitrocellulose membrane and hybridized to 32P-labeled HindIII-C (Fig. 1B) . Hybridization to only the four expected size fragments from an EcoRI digest of total vaccinia virus DNA indicated that the probe was specific (track 1). A similar result was obtained with the EcoRI digest of HindIll-C except that the smallest EcoRI fragment was shortened because it was cut at its HindIII site (track 2). (The highest-molecular-weight band in track 2 represents a small amount of undigested DNA.) Significantly, the probe hybridized to the cloned segment of each recombinant (tracks 3 through 5).
This report is devoted primarily to an analysis of the gene products of the EcoRI fragment B of HindIII-C present in recombinant X52. A similar analysis of EcoRI-C/HindIII-C X34 appears in the accompanying paper (7) . Recombinants containing EcoRI fragments from the right end of the genome, i.e., from HindIII-B, were also identified by the procedure described above. Only one of these, designated X28, which contains the right penultimate EcoRI fragment has been used in this study.
Physical map ofEcoRI-B/HindI-C. A restriction map of the cloned DNA was prepared before attempting transcriptional and translational studies. The DNA segment was found to contain a single Xhol site. By comparing the sizes of the XhoI fragments produced by digestion of the X52 recombinant DNA with the XhoI maps of vaccinia virus and ADNA, we deduced that the left end of the insert was attached to the left X arm.
The partial digestion procedure of Smith and Birnstiel (18) (Fig. 3) . As expected, the common-size fragments that were derived from the terminal repetition were mapped at the left end of the X52 insert (Fig. 2) . Therefore, the junction of the repetition and unique region must be within HincII-D and HpaII-B.
A more precise determination of the length of the repeated region, within X52 DNA, was made by heteroduplex analysis (Fig. 4A) (6) . This difference was not altered by hybridizing under less stringent conditions (420C, 50% formamide, 0.88 M NaCl). We considered that either there were few immediate early mRNA's encoded within EcoRI-B or those that were encoded there were not very abundant or were not translated efficiently.
Reproducibly, three major polypeptides with molecular weights 6,000, 13,000, and 19,000 of and two minor ones of 21,000 and 60,000 were resolved by polyacrylamide gel electrophoresis of the cell-free translation products of hybridization-selected immediate early RNA (Fig. 5) . Peculiarly, the 21K band appeared as a doublet. The faint band above the 21K doublet was not seen consistently and has not been investigated further. The 13K and 6K polypeptides formed broad bands, probably because they run close to, and in front of, respectively, the globin chains present in the reticulocyte lysate. The material between the 13K and 6K bands was at the globin front and is not considered to be a specific viral product. A similar set of polypeptides was detected upon analysis of the translation products of selected mRNA's made in the presence of cytosine arabinoside (Fig. 5) . However, lower amounts of early mRNA were usually found when cytosine arabinoside was used in place of cycloheximide as noted previously (5, 6) .
Significantly, a distinct new polypeptide with a molecular weight of 22,000 was resolved when the cell-free translation products of selected late mRNA were analyzed (Fig. 5) detected after cell-free translation (Fig. 6) . The minor 21K polypeptide(s) was detected, however, as a translation product of RNA that hybridized to the heavy (H) strand (Fig. 6) . Faint bands corresponding to the abundant 13K and 6K polypeptides were also noted, presumably because of slight contamination with the L strand. Since the orientation of the cloned segment with respect to the X arms determined and the sense of the strands of the recombinant was confirmed by hybridization to standard X strands, we could deduce that DNA encoding the 21K polypeptide is transcribed toward the center of the genome, whereas RNAs encoding the other polypeptides are transcribed toward the left end of the genome.
Hybridization selection of RNA to immobilized restriction fragments followed by cell-free translation and polyacrylamide gel electrophoresis was used to map the polypeptides. RNA coding for the 6K polypeptide was selected by hybridization to XhoI-A (not shown), HpaII-A, and HincII-A and -F (Fig. 6) . The map position of this RNA was confirmed by hybridization arrest of translation (6, 17) . When RNA that had been selected by hybridization to immobilized total X52 recombinant DNA was hybridized in solution to purified HincII-A and then directly translated, the 6K polypeptide was not made. By contrast, synthesis of the 6K polypeptide was not inhibited by hybridization to HincII-B and -C.
The message for the 13K polypeptide was selected by hybridization to XhoI-B (not shown) and to HincII-D and HpaII-B (Fig. 6) The message for the 19K polypeptide was selected by hybridization toXhoI-A (not shown), HpaII-A, and a mixture of HincII-B and -C (Fig.  6) . Of the latter, hybridization must have occurred to HincII-B since HpaII-C, which had almost the same map position as HincII-C, did not select the mRNA for this polypeptide (Fig.  6) . Failure of this message to hybridize to XhoI-B, which also contained a portion of HpaII-C and HincII-C, was also consistent with this interpretation.
Although low incorporation of [35S]methionine into the 21K polypeptide doublet made mapping difficult, this message was clearly selected by hybridization to HincII-E (Fig. 6 ).
Although not apparent in the photograph, selection by HpaII-D was also detected upon examination of the fluorograph. Similarly, upon prolonged fluorographic exposure, selection of the message for the 60K polypeptide by hybridization to HincII-A and HpaII-A could be demonstrated.
Mapping a late transcript to DNA restriction fragments. Because of the low incorporation of [3S]methionine into the late 22K polyCy la peptide, long fluorographic exposures were needed and a background of nonspecific polypeptides was seen in all tracks. Nevertheless, hybridization of mRNA for the 22K polypeptide to specific fragments was detected.
The message for their polypeptide hybridized to HpaII-A and HincII-A as well as to the mixture of HincII-B and -C (Fig. 7) . The failure of this mRNA to hybridize to HpaII-C, however, indicated that hybridization must have occurred to HincII-B and not HincII-C. Inspection of the restriction map (Fig. 2) suggested that the mRNA should hybridize to HincII-H as well as to HincII-A and -B. The failure to select with HincII-H, however, may have been due to trivial reasons. The fragment is less than 200 bp long and may not bind or remain bound to nitrocellulose during hybridization. As alluded to in a previous section, the map position of the late 22K polypeptide was quite distinct from that of the early 21K polypeptide, confirming that these polypeptides are unrelated.
The message for the residual early 13K polypeptide was selected by hybridization to HpaII-B and HincII-D as expected.
Transcriptional map. cytoplasmic RNA, from cells infected in the presence of cycloheximide, was denatured with dimethyl sulfoxide, treated with glyoxal, and fractionated according to size by agarose gel electrophoresis. The RNA was then transferred by blotting to diazotized paper, and individual strips were hybridized to specific 32P-labeled probes. Since strips from the same blot were used with different probes, even small differences in RNA mobility were significant. When a probe was prepared from the entire cloned DNA fragment, many different-size mRNA's that were difficult to resolve individually were detected (Fig. 8, track T) . However, with a probe prepared from the H strand, only one prominent RNA of 939 bases was revealed (track H), making it a candidate for the 21K polypeptide message. All other RNAs were detected by hybridization to labeled L strand (track L). Probes of 32P-labeled HpaII and HincII restriction fragments were used to map the RNAs.
An RNA of 455 bases hybridized to HincII-A. Both the size of this RNA and its map location made it a candidate message for the 6K polypeptide. This was confirmed by translation of RNAs Hpall selected by hybridization to recombinant DNA after methylnercury agarose gel electrophoresis (not shown). An RNA size of 460 bases was determined by that technique.
The next-larger RNA of 545 bases hybridized to HpaII-B and HincII-D, identifying it as the message for the 13K polypeptide. However, this size could not be confirmed by translation of RNAs separated by methylmercury gel electrophoresis because of the globin background appearing during the long fluorography needed.
Hybridization of a 758-base RNA to HpaII-A and HincII-B identified it as the message for the 19K polypeptide. (Very weak hybridization of an RNA of this size to HincII-C was probably due to slight cross-contamination of HincII fragments B and C.) A size of about 700 nucleotides for the 19K message was also obtained by translation of RNA separated by methylmercury agarose gel electrophoresis.
A 939-base RNA, encoded by the H strand, hybridized to HpaII-E and -D and HincII-E, identifying it as the message for the 21K polypeptide. However (Fig.   9 ). These data provided additional information which will be integrated with the previous results in Discussion.
DISCUSSION
Detailed transcriptional and translational mapping is necessary to understand the organization of the large vaccinia virus genome. Such studies are difficult, however, for a genome that encodes hundreds of polypeptides. Only by use of cloned DNA fragments, high-specific-activity probes, and efficient cell-free translation systems is analysis of individual mRNA's feasible. With such methods, we previously mapped three immediate early mRNA's within the terminal 9 kbp of the vaccinia virus genome. By cloning the adjacent 6.6-kbp EcoRI fragment, an additional five early polypeptides and one late polypeptide have been analyzed.
The map shown in Fig. 10 was constructed by (i) cell-free translation of RNA selected by hybridization to separated DNA strands and purified restriction fragments, (ii) translation of sizefractionated and hybridization-selected RNAs, Hpall Hincll FIG. 9 . Autoradiograph of cap-labeled RNA hybridized to DNA restriction fragments. Approximately 300,000 cpm of cap-labeled total cytoplasmic RNA was hybridized in 5 ml of 6x SSC for 24 h at 60°C to HpaII-and HincII-cleaved fragments of EcoRI-digested A52 recombinant DNA. Filters were washed and treated with RNase A (6). Duplicate strips were hybridized to 32P-labeled vaccinia virus DNA to determine the positions of restriction fragments.
(iii) hybridization of labeled restriction fragments to size-fractionated RNAs, and (iv) hybridization of cap-labeled RNAs to separated restriction fragments. The relative abundance of the mRNA's and their translation products did not always seem to be closely correlated. However, these apparent discrepancies could easily result from the qualitative nature of the assays, although real differences in translational efficiency are possible. Thus, the amount of hybridization of a DNA probe to immobilized RNA depends on the hybridization conditions, the length of the probe, the length of the RNA, and the DNA-to-RNA ratio. The apparent amount of a protein synthesized in vitro depends on the hybridization conditions, the susceptibility of the RNA to degradation, and the methionine content of the protein. Overall, however, we judged that the RNAs and proteins encoded in this fragment are significantly less abundant than those in adjoining fragments.
Starting at the left end of the EcoRI fragment, there is a 940-base RNA that is transcribed toward the right and encodes a 21K polypeptide. The minimal coding length for a polypeptide of this size is about 550 bases. For several reasons, we believe that this mRNA is actually initiated press). A second feature of interest is that the majority of these mRNA's are transcribed in the leftward direction and are copied from the same DNA strand. In the accompanying report, the transcriptional and translational map has been extended an additional 4.4 kbp from the left end of the genome (7) . The three immediate early polypeptides and the single late polypeptide are also transcribed in the leftward direction.
